The relative biological availability of Mn in reagent-grade (RG) Mn sources was tested using 41 Rambouillet crossbred wether lambs in a completely randomized design. Lambs were fed a basal corn-soybean meal-cottonseed hull diet (37.6 ppm Mn, DM basis) or this basal diet supplemented with 0, 1,500, 3,000 or 4,500 ppm Mn from RG MnSO4.H20 or 3,000 ppm Mn from RG MnO, MnO2 and MnCO3. Feed intake was restricted to 1,000 g/ hd daily during the 21-d experimental period. There was a decrease (P < .01) in daily feed intake by sheep fed 4,500 ppm Mn from MnSO4. Liver, kidney and bone Mn concentrations increased (P < .05) with MnSO4 supplementation. Liver was most responsive to dietary Mn, followed by kidney and bone. Based on multiple linear regression slopes for liver, kidney and bone Mn concentrations, relative bioavailability of Mn from MnO, MnO2 and MnCO3 averaged 57.7, 32.9 and 27.8%, compared with 100% for MnSO4.
Introduction
Manganese is distributed widely in roughages, but in some grains, such as corn, its content is low (Hidiroglou, 1979) . In addition, availability of Mn from common feeds is largely unknown; phytate and fiber in many feed ingredients can interfere with its utilization (Halpin and Baker, 1986a,b) . High dietary Ca and P levels reduced the availability of Mn in cattle (Dyer et al., 1964; Hidiroglou, 1979) . Inefficient absorption of dietary bin in ruminants is another factor that makes Mn supplementation necessary (Sansom et al., 1978 Most Mn bioavailability studies have been conducted with poultry fed purified diets to which the element was added at low dietary concentrations (Watson et al., 1970 (Watson et al., , 1971 . Black et al. (1984a) demonstrated the use of short-term, high-level supplementation of practical diets with inorganic Mn sources to determine their relative availability based on the resulting increases in tissue Mn concentrations. Black et al. (1984a) needed few animals to determine true differences among sources due to the linearity of the response variables. The following study was conducted to estimate the relative biological availability of Mn from reagent-grade Mn sources for sheep fed high dietary Mn concentrations, using tissue Mn retention as the response criterion.
Matorlals and Methods
Forty-one RambouiUet crossbred wether lambs (42 kg BW) were assigned to one of seven experimental diets in a completely randomized design. Prior to the experiment, lambs were group-fed a commercial cornsoybean meal-cottonseed hull diet at approximately 800 g/hd daily and had ad libitum g/hd offered daily (as-fed basis) and fresh tap water was available ad libitum. Lambs were fed the experimental diets for 21 d following a 7-d adjustment period during which all Iambs were fed the basal diet. At the termination of the experiment, lambs were stunned with a captive bolt shot and killed by exsanguination. Right metacarpus, liver and both kidneys were excised and frozen for mineral analyses. Calcium, Mg, Cu, Fe, Zn and Mn in Mn sources and diets and Mn in liver, kidney and bone were determined by flame atomic absorption spectrophotometry on a Perkin-Elmer Model 5000 with AS-50 autosampler 6 (Anonymous, 1982) . Standards were matched for macroelements and acid concentrations as needed and standard reference material from the National Bureau of Standards was included with samples. Phosphorus in Mn sources and diets was determined by a colorimetric method (Harris and Popat, 1954) . Relative solubility following 1 h of constant stirring at 37"C of .1 g of each source in 100 ml of either 1-120, .4% HC1, 2% citric acid or neutral ammonium citrate (Watson et al., 1970) and magnetic susceptibility (Watson et al., 1971) were determined.
Bone, kidney and liver Mn concentrations were analyzed by one-way ANOVA (SAS, 1982) using dietary treatment as the source of variation and animal as the experimental unit. Differences among means were separated by Duncan's (1955) multiple range test. Multiple linear regression was done by least squares using the GLM procedure of SAS (1982) . Slope ratios and their SE were estimated using the method of error propagation as described by Kempthorne and Allmaras (1965) .
Results and Discussion
Reagent-grade manganese sources (Tables 2  and 3 ) contained Mn concentrations of 30.1, 73.0, 50.7 and 43.5% on an as-fed basis for sulfate, oxide, dioxide and carbonate, respectively. All sources were relatively free of mineral contaminants except the dioxide, which contained greater concentrations of Fe, Cu, Zn, Ca and Mg than the other sources. Only the oxide sources had significant magnetic susceptibility (Table 3 ). The sulfate and monoxide sources had a greater proportion of smaller particles; smaller particle size often results in greater bioavailability. The sulfate source (Table 4 ) was 100% soluble in water; all other sources were insoluble. All sources except the dioxide were soluble in .4% HCI and 2% citric acid. The low solubility of Mn from the dioxide in .4% HCI and 2% citric acid has been reported previously (Henry et al., 1987) . Watson et al. (1971) and Black et al. (1984a) reported complete solubility of RG MnCO3 in .4% HCI. The carbonate was 56% soluble and MnO 2 was insoluble in neutral ammonium citrate; these sources also proved to have the lowest relative bioavailability. Several researchers have reported a correlation between solubility in neutral ammonium citrate and relative biological availability of Mn sources (Watson et al., 1970 (Watson et al., , 1971 Black et al., 1984a; Henry et al., 1987) .
Feed intake averaged 994, 1,000, 984, 971, 1,000, 999 and 996 g/d for sheep fed control, MnSO4 (1,500, 3,000 and 4,500 ppm added Mn), MnO, MnO2 and MnCO3, respectively. Sheep fed 4,500 ppm Mn as MnSO4 had lower (P < .01) daily feed intake than sheep fed other Black et al. (1985a) reported that sheep fed 2,000 ppm Mn from feed-grade MnO or 8,000 ppm Mn from RG MnCO 3 for 84 d had lower feed intake than sheep fed lower levels of these sources. In another study, Black et al. (1985b) reported reduced feed intake when sheep were fed 3,000 or 6,000 ppm Mn as MnO for 3 wk but not for 1 or 2 wk compared with sheep fed an unsupplemented diet. Sheep fed 9,000 ppm Mn had reduced intakes during the three 1-wk periods compared with sheep fed the control diet; only 80% of their initial feed intake was consumed when sheep were refed the basal diet for 1 wk.
There was a linear increase in bone Mn concentration (P < .01) as dietary levels of MnSO4 increased up to 3,000 ppm Mn (Table  5) ; however, percentage of bone ash did not change (P > .10) and averaged 66%. Supplemental Mn as MnSO4 at 4,500 ppm resulted in no further increase in Mn concentration of any of the tissues analyzed; therefore, this level was not included in any of the regression aFrom 1 h constant stirring at 37'C. bAll sources were reagent-grade. aEach value represents the mean of five lambs/treatment for the conffoi and sulfate, and seven iambs/treatment for the oxide, dioxide and carbonate sources. All sources were reagent-grade.
bBasal diet contained 37.6 ppm Mn, DM basis. c'd'e't"gMgans in the same column with different letters in their superscripts differ (P < .05).
analyses. Manganese concentrations in bone had been shown previously to increase with increasing dietary Mn levels (Watson et al., 1973; Black et al., 1985a,c) . These researchers reported higher bone Mn concentrations than those reported in this study; however, in our study, sheep were fed the supplemental Mn diets for only 21 d, compared with 81, 84 and 42 d in the previous long-term toxicosis studies. Kidney Mn concentrations were affected (P < .05) by dietary treatment. At 3,000 ppm added Mn, MnSO4 resulted in greater (P < .05) kidney Mn concentrations than the other Mn sources (Table 5 ). Manganese in liver was increased (P < .05) from 9.6 ppm (DM basis) in lambs fed the control diet to 43.7 ppm when 3,000 ppm Mn from MnSO4 was fed. Lambs fed MnSO4 at 3,000 ppm had greater liver Mn concentrations than lambs fed other Mn sources (Table 5 ). Other researchers also have reported increased kidney and liver Mn concentrations when high dietary levels were fed (Watson et al., 1973; Ivan and Hidiroglou, 1980; Black et al., 1985a,c) .
Multiple linear regression analysis of tissue Mn uptake with respect to dietary Mn level was determined for all tissues (Table 6 ). Liver provided the best fit of data to the linear model followed by kidney and bone (R 2 = .70, .62 and .59, respectively). In an earlier study with sheep fed high graded levels of MnO or MnCO3, liver had the greatest slopes; however, in that study liver resulted in a poorer fit of data to the linear model than kidney or bone did (R 2 --.72, .68 and .49, respectively; Black et al., 1985a) . Studies with day-old chicks showed that bone was more sensitive to changes in dietary Mn than was kidney or liver (Black et al., 1984a, b; Henry et al., 1986) . In the present study, differences in rank order of the different tissues may be explained by the older age and previous nutritional experience (unknown prior to purchase) of the sheep or by differences in the sources tested.
Estimates of relative biological availability (Table 7) ; were obtained by a ratio of the slopes in equations in Table 6 . Setting MnSO4 at 100% resulted in values of 57.3, 38.9 and 22.8% for bone Mn concentrations and 54.7, Black et al. (1985a) resulted in a value of 78% for RG carbonate compared with a feed-grade oxide, which would be expected to be less available than a RG oxide. Reagent-grade sources generally have fewer contaminants that could lower bioavailability. Availability of Mn from RG MnO2 was 40% that of MnO for chicks (Henry et al., 1987) but was about 57% as available for sheep in the present experiment (32.9/57.7). Henry et al. (1987) and Southern and Baker (1983) reported that MnO2 was 29% as available as MnSO4 for chicks, which is similar to the 32.9% for lambs in the present study.
Based on bone and liver Mn concentrations of chicks fed up to 4,000 ppm Mn, Black et al. (1984a) reported average availability for RG MnO and RG MnCO3 of 70 and 39%, respectively, compared with 100% for RG MnSO4. Thus, the young chick may be able to utilize some forms of Mn to a greater extent than ruminants.
In conclusion, tissue uptake of Mn increased with increasing levels of dietary Mn up to 3,000 ppm Mn. Liver Mn changed most in response to elevated dietary Mn levels, followed by kidney and bone. The MnSO4.H20 was most available and MnCO3 least available for all sources tested. The results of MnO and MnO 2 varied according to the criteria used. Relative bioavailability of the sources was related to solubility in neutral ammonium citrate. Liver, kidney and bone Mn uptake were sensitive and quantitative criteria for estimating relative biological availability of Mn sources for sheep.
